To obtain better statistics on the occurrence of magnetism among white dwarfs, we searched the spectra of the hydrogen atmosphere white dwarf stars (DAs) in the Data Release 7 of the Sloan Digital Sky Survey (SDSS) for Zeeman splittings and estimated the magnetic fields. We found 521 DAs with detectable Zeeman splittings, with fields in the range from around 1 MG to 733 MG, which amounts to 4% of all DAs observed. As the SDSS spectra has low signal-to-noise ratios, we carefully investigated by simulations with theoretical spectra how reliable our detection of magnetic field was.
INTRODUCTION
In the latest white dwarf catalog based on the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7), Kleinman et al. (2013) classify the spectra of 19 713 white dwarf stars, including 12 831 hydrogen atmosphere white dwarf stars (DAs) and 922 helium atmosphere white dwarf stars (DBs). The authors fit the optical spectra from 3 900Å to 6 800Å to DA and DB grids of synthetic non-magnetic spectra derived from model atmospheres (Koester 2010) . The SDSS spectra have a mean g-band signal-to-noise ratio S/N(g)≈ 13 for all DAs, and S/N(g)≈ 21 for those brighter than g=19.
Through visual inspection of all these spectra, we identified Zeeman splittings in the spectra of 521 DA white dwarfs, eleven with multiple spectra. The main object of this paper is to identify these stars and estimate their magnetic field. Independently, Külebi et al. (2009) found 44 new magnetic white dwarfs in the same SDSS DR7 sample, and used log g = 8.0 models to estimate the fields of the 141 then known magnetic white dwarfs, finding fields from B=1 MG to 733 MG. We report here on the estimate of the Zeeman splittings in ≃ 4% of all DA white dwarf stars. With the low resolution (R ≃ 2 000) of the SDSS spectra, magnetic fields weaker than 2 MG are only detectable for the highest S/N spectra (e.g. Tout et al. 2008) . We first summarize some previous results on magnetic white dwarfs.
DETECTION OF MAGNETIC FIELD IN SDSS DR7 WDS
We classified more than 48 000 spectra, selected as possible white dwarf stars from the Sloan Digital Sky Survey Data Release 7 by their colors, through visual inspection and detected Zeeman splittings in 521 DA stars. Figure 1 shows the spectra of one of the newly identified magnetic white dwarfs as an example. As we were only able to detect magnetic fields down to 1-3 MG in strength, because of the R≃2 000 resolution and relatively low signal-to-noise of most spectra ( S/N ≃ 13), the 4% detected (521/12831 DAs) is a lower limit and the actual number of magnetic white dwarf stars should be larger if we include smaller field strengths. The identified magnetic white dwarf stars cover the whole range of temperature and spectral classes observed (Kleinman et al. 2013) . Figures 2 and 3 show spectra of a few of the highest S/N new magnetic white dwarfs we identified, showing a broad range of splittings, and hence of magnetic fields. Fig. 4 shows the fraction of detected magnetism in white dwarfs as a function of the signal-to-noise (S/N) ratio provided by Kleinman et al. (2013) . The fact that we see an increase of detected magnetic fields in spectra with lower S/N ratios made us suspicious. For this reason we carefully investigated the influence of the S/N ratio on the detection rate with the help of a blind test using noisy theoretical spectra (see Sect. 4). Our result was that classification with S/N 10 need to be confirmed 4000 4500 5000 5500 6000 6500 0 Figure 1 . SDSS spectrum of one of the stars we identified Zeeman splittings, SDSS J111010.50+600141.44, indicative of a 6.2 MG magnetic field. A DA model without magnetic field of T eff = 36 000 K, log g = 9.64, M=1.33 M ⊙ results from a least-squares fit to the spectra, plotted in red, obviously inadequate; the lines are wide because of the Zeeman splittings, not due to large pressure (gravity) broadening.
by future observations. Furthermore, any estimate of the overall percentage of magnetic to non-magnetic white dwarf stars needs to take this apparent selection effect into account (Liebert, Bergeron, & Holberg 2003) .
Estimation of the Magnetic Field Strength
For fields stronger than 10 kG but weaker than 2 MG, i.e., in the Paschen-Back limit, low level (n 4) lines will be split into three components, with the shifted components separated by around ∆λ = ±4.67 × 10 −7 λ 2 B
with λ inÅngstrons and B in MG (Jenkins & Segrè 1939; Hamada 1971; Garstang 1977) , The quadratic splitting is given by ∆λq = − e where a0 is the Bohr radius, and m ℓ the magnetic quantum number. This formula is valid for 2p to ns and 2p to nd transitions, where n is the principal quantum number. For the 2s to np transitions, ∆λq ≃ −4.97 × 10 −23 λ 2 [n 2 (n 2 − 1)(1 + m 2 ℓ − 28)B
2Å
Note that because of the n 4 dependency of the quadratic Zeeman splitting, even for fields around 1 MG, the n 7 lines show dominant quadratic splittings (Fig. 5) .
For magnetic fields less than ≃ 2 MG, the Zeeman splitting is difficult to observe in low resolution spectra of white dwarfs because the spectral lines are already broadened due to the high density. The linear Zeeman splitting is equivalent to a broadening of unpolarized spectral lines of the order of 10 km/s for fields around 10 kG. For higher fields the magnetic energy cannot be included as a perturbation because the cylindrical symmetry of the magnetic field start to disturb the spherical symmetry of the Coulomb force that keeps the hydrogen atom together. For the n = 1 level, the Lorentz force and the Coulomb force are of the same order for B=4 670 MG. As the energy of the levels is proportional to the inverse of n 2 , the higher levels are disturbed for much smaller fields.
The observed Zeeman splitting represents the mean field across the surface of the star. If the field is assumed as dipole, the mean field is related to the polar field by B = 1 2 Bp 1 + 3 cos 2 θ
where Bp is the polar field and θ is the angle between the field and the line of sight. Simple centered dipoles are rarely, if ever, seen in real stars (e.g. Külebi et al. 2009 ).
To estimate the magnetic fields, we measured the Hα and Hβ mean splittings independently and used the mean fields estimated by Külebi et al. (2009) as scale. Our measurements are of the mean line centers, by visual inspection, and therefore do not take into account the shape of the lines, which are different due to the fact the for most stars the magnetic field is not centered at the center of the star (Külebi et al. 2009 ). Our estimates also ignore any effects due to higher moments than dipoles, or double-degenerate stars. The estimates are therefore very rough, but do indicate the order of magnitude of the magnetic field.
For fields above 30 MG, like for SDSS J085649.68+253441.07 shown in Figure 6 , the line identification is difficult, and we adjusted graphically the spectra to the theoretical Zeeman positions only. -Fiber=1954-53357-393, 13 MG, SDSS J101428.10+365724.40, b) 0415-51879-378, 11 MG, J033145.69+004517.04, c) 1616 2277-53705-484, 2.2 MG, 083945.56+200015.76. e) 2772-54529-217, 2.2 MG, 141309.30+191832.01, f) 2694-54199-175, 1.7 MG, 064607.86+280510.14, g) 2376-53770-534, 2.6 MG, 103532.53+212603.56, h) 2417-53766-568, 9.9 MG, 031824.20+422651.00, i) 2585 -54097-030, 14 MG, 100759.81+162349.64, j) 2694 -54199-528, 1.3 MG, 065133.34+284423.44, k) 0810-52672-391, 11 MG, 033145.69+004517.04, l) 1798 -53851-233, 14 MG, 131508.97+093713.87, m) 2006 -53476-332, 19 MG, 125715.54+341439.38, n) 2644 -54210-167, 1.9 MG,121033.24+221402.64, o) 2430 . DA models without magnetic field results from least-squares fits to the spectra are plotted in red, obviously inadequate. Fig. 7 shows fits of centered dipole magnetic models with log g = 8.0 as those by Külebi et al. (2009) for 5 stars, to illustrate the discrepancies of assuming centered fields. Table 1 shows the estimated values for the magnetic fields for the 521 spectra we measured. The 5th column of the table shows the signal-to-noise ration in the region of the g filter of the spectra, S/N(g). Fig. 8 shows the distribution of fields for our sample, showing an increase in the number of stars for lower fields, except for the lowest bin, where selection effects are important, as our R ≃ 2000 resolution implies we cannot detect B 2 except at the highest S/N. 4600 4800 5000 5200 0 6000 6200 6400 6600 6800 7000 
BLIND TEST
In order to check whether magnetic white dwarfs can be identified and analyzed with sufficient confidence using noisy spectra, we have performed a blind test. One group has calculated model spectra for white dwarfs with and without magnetic fields for effective temperatures between 8000 and 40000 K and log g = 8.0. For the models with magnetic fields we assumed centered magnetic dipoles with a polar field strength between 1 and 550 MG and viewing angles between the observer and the magnetic fields between 0 and 90
• . Subsequently, we added Gaussian noise with signal-to-noise ratios between 4 and 35. In total 346 such spectra were given to the second group whose task it was to identify which of the objects were magnetic and what the mean magnetic field strength was. This group did not know how many of the spectra were calculated assuming no magnetic fields and what the assumed field strength for the magnetic objects were. To be on the secure side, we assumed that all objects with a magnetic field lower than 2 MG were regarded as non magnetic.
79 of the 346 noisy spectra were based on zero-field models (< 2 MG). Only seven of them were wrongly classified as being magnetic and all of them had signal-to-noise ratios below eight; in total we have have simulated 43 objects with S/N< 8. None of the false detections had a determined field strength above 3 MG so that no non-magnetic white dwarf was regarded as having a strong magnetic field. If we disregard detections below 2 MG and signal-to-noise ratios below 10 we do not detect any false-magnetics.
41 of the noisy theoretical spectra were assigned to be non-magnetic by the second group but in fact had assumed magnetic fields larger than 2 MG. This number is indeed significantly large because we had in total 130 objects with simulated zero fields. At B < 50 MG 13 out of 265 objects (5%) were false-negatives. At B > 50 MG we have 28 out of 81 objects (34% false) false negatives. The distribution between 50 and 400 MG is quite flat. If we limit ourselves to signal-to-noise ratios above ten the number of false-negatives is reduced to seven objects (out of 84) which all had relatively weak features (magnetic fields above 100 MG and effective temperature above 35000 K). At S/N> 15 this number is further reduced to two (out of 52) objects; at S/N> 20 (34 simulated objects) all simulated magnetic objects were determined as such.
The determined mean field strengths were compared to the mean magnetic fields of the dipole models. 214 of the theoretical spectra were calculated for field strength between 1 and 100 MG. If we again limit ourself to the ones with signal-to-noise 3900 4000 4100 4200 4300 4400 0 0.5 1 1.5 2 Theoretical Zeeman Splitting Figure 5 . Hǫ, n=7 → 2, λ 0 = 3971Å (left) to Hγ, n=5 → 2, λ 0 = 4342Å (right) theoretical Zeemam splittings for B=0 → 2 MG, showing the higher lines split into multiplets even for these low fields, because the quadratic Zeeman splitting is proportional to n 4 .
ratios above ten, the magnetic field determination "by eye" was rather accurate. In only six cases the determined magnetic field strength differed from the simulated one by more than a factor of two. At field above 100 MG (53 simulated spectra) the magnetic-field determination was less satisfactory even at signal-to-noise ratios above 15. The magnetic fields were often wrong (mostly underestimated) by more than a factor of two.
Without detailed modeling, the magnetic field determination at very high magnetic fields (> 100 MG) is much more difficult than at lower fields. This is because most of the spectral lines are completely washed out by the quadratic Zeeman effect if the magnetic field varies over the stellar surface (this variation amounts to a a factor of two in the case of dipole models). Only the so-called stationary line components for which the wavelengths go through maxima or minima as functions of the magnetic field strength remain visible. The corresponding field strength is not necessarily close to the mean field strength. This could partially explain the difference between the field determinations "by eye" and the simulated values.
We conclude that we can distinguish between spectra from magnetic (> 2 MG) and non-magnetic white dwarfs ( 2 MG) with very high confidence if we limit ourselves to spectra with signal-to-noise ratios above 10. Hot magnetic white dwarfs with effective temperatures above 35000 K and fields above 100 MG can be missed due to their shallow features. For field strength above 100 MG we generally have to assume large uncertainties in the "by eye" field determination.
VARIABLE FIELDS
For eleven stars we have from two to six independent co-added spectra, obtained at different epochs, and for a few of them we could see significant changes in the Zeeman splittings, probably due to an inclined magnetic field axis with respect to the rotational axis of the star. For SDSS 030407-002541.74, for example, shown in Fig. 9 , the structure of the Zeeman splitting changes substantially, indicating either a very complex magnetic structure, or possibly a double degenerate magnetic system. We do not have time series spectra to study their variability timescale, but such changes in the line profiles have been detected for other magnetic white dwarfs, due to rotation (e.g. Burleigh, Jordan, & Schweizer 1999; Euchner et al. 2002 Euchner et al. , 2005 Euchner et al. , 2006 . Breedt et al. (e.g. 2012) shows some of the magnetic white dwarfs are in fact white dwarf binaries, when phase resolved spectra are obtained. 
THE EFFECT OF MAGNETIC FIELD ON MASS ESTIMATES
The mass distribution of the hydrogen-rich DAs shows an effect, which is well-documented since many years, but still not fully understood: the average mass, as estimated by the surface gravity, increases apparently below 13 000K for DAs (Bergeron, Saffer, & Liebert 1991; Koester 1991; Kleinman et al. 2004; Liebert, Bergeron, & Holberg 2005; Kepler et al. 2007; Limoges & Bergeron 2010; Gianninas et al. 2010; Tremblay, Bergeron, & Gianninas 2011; Gianninas, Bergeron, & Ruiz 2011) . Single white dwarf masses in these studies are typically determined through spectroscopy -measuring line widths due to Stark and neutral pressure broadening. Mass determinations from photometry, and gravitational redshift (Engelbrecht & Koester 2007; Falcon et al. 2010) do not show this mass increase, so the increase is probably not real, and merely reflects some failure of the input physics in our spectroscopic models. Efforts have been made to improve the treatment of the line broadening Tremblay et al. 2010) , but the apparent mass increase remains Tremblay, Bergeron, & Gianninas 2011; Gianninas, Bergeron, & Ruiz 2011) . In Fig. 10 we show the masses for DAs with S/N 15 spectra in Kleinman et al. (2013) . Other proposed explanations for the broadening were the treatment of the hydrogen level occupation probability, or convection bringing up subsurface He to the atmosphere, increasing the local pressure. However, no evidence for the He could Figure 10 . Masses for DA stars measured from the S/N 15 SDSS optical spectra by Kleinman et al. (2013) , showing the apparent increase in the derived masses around T eff 13 000 K, which are not seen in the masses derived by colors or gravitational redshift.
be found, leaving the very description of convection with the usual mixing length approximation as the most likely culprit Tremblay et al. 2010) . Calculations using realistic 3D simulation of convection seem to confirm this assumption (Tremblay et al. 2011a) .
In this study we explore a complementary possibility for the broadening of the spectral lines below T eff ≃ 13 000 K, the presence of weak magnetic fields in the cooler white dwarfs. Unresolved Zeeman splitting can increase the apparent line widths and mimic a stronger Stark broadening, specially for the higher lines. Since the spectroscopic gravity determination is based on the line widths, an average mass white dwarf star with a weak magnetic field can appear spectroscopically indistinguishable from a non-magnetic, massive star. The combined effect of electric and magnetic fields on the spectral lines is very complicated and has been studied only for special cases of the geometry (e.g. Friedrich et al. 1994; Külebi et al. 2009 ). Detailed model grids, which include also the effect of the magnetic field on the radiative transfer are therefore not yet available. We find (1995) , showing an increase in field for T eff 13 000 K, where a surface convection zone develops. As the number of stars is larger at lower temperatures just because they cool on a longer timescale, the fraction of higher field stars is the important parameter.
an increase in the mean field around the same temperature when these stars develop a surface convection zone, raising the possibility that the surface convection zone is amplifying an underlying magnetic field (Figures 11 and 12) .
As the Zeeman splitting broadens the lines, we cannot use the line profiles to estimate their surface gravity directly. For fields stronger than B ≃ 1 MG, the magnetic splittings for the n=7-10 energy levels of hydrogen washes out the lines, just like high gravity does. As shown in Fig. 5 the theoretical Zeeman splittings for the Balmer lines initiating at n=7 (Hǫ, λ0 = 3971Å) to n=5 (Hγ), showing the higher lines split into multiplets even for fields below B = 1 MG. Unfortunately there are no published calculations of the splittings for hydrogen levels higher than n=7 for these fields, where perturbation theory is no longer applicable (Jordan 1992; Ruder et al. 1994) . For these higher levels, the Zeeman splittings calculations need higher order terms even for fields of the order of 1 MG.
As we detected Zeeman splitting in the disk integrated spectra for 4% or more of white dwarfs, which comes from global organized fields, perhaps even smaller or unorganized fields are the cause for the line broadening on these cooler stars.
It will be necessary to investigate if surface convection amplification of an underlying weak magnetic field is causing broadening of the spectral lines of white dwarf stars cooler than 13 000 K, leading to misinterpretation of these stars as more massive stars.
Even weaker magnetic fields in white dwarfs have been studied by Koester et al. (1998) , who obtained high resolution spectra measurements of the NLTE core of Hα for 28 white dwarf stars to measure their projected rotational velocities, finding 3 magnetic white dwarfs, and no fields above 10-20 kG for the other stars, all hotter than 14 000 K. Koester et al. (2009a) observed about 800 white dwarfs in the SPY survey, finding 10 magnetic, with fields from 3 to 700 kG. Kawka & Vennes (2012) studied 58 white dwarfs with ESO/VLT/FORS1 spectropolarimetry and estimate 5% of white dwarfs with fields 10 to 100 kG. Landstreet et al. (2012) estimate that 10% of all white dwarf stars have kG fields from ESO/VLT/FORS spectropolarimetry.
MEAN MASSES
Wickramasinghe & Ferrario (2005) quote a mean mass of 0.93 M⊙ for magnetic white dwarfs, based on Liebert, Bergeron, & Holberg (2003) determinations, but the sample includes only a handful of stars with astrometric measured masses, so the evidence that the magnetic white dwarfs are more massive than the average were scarce. Kawka et al. (2007) obtained a mean mass of 0.78 M⊙ for the 28 magnetic DA white dwarfs with mass estimates, mainly from fitting the line wings of the spectra. We estimated the masses for every star with S/Ng 10 spectra, from their u, g, r, i, z colors, shown in Figure 13 , obtaining for the 84 hydrogen-rich magnetic white dwarfs (DAHs) with B 3 MG, M = (0.68 ± 0.04) M⊙. For the 71 DAHs with B > 3 MG, M = (0.83±0.04) M⊙. Figure 14 shows the mass histogram for stars with fields lower and higher than B = 3 MG, compared to nonmagnetic ones, demonstrating there is an increase in the estimated mass for magnetic stars, but the estimated mass values are uncertain because the u color is severely affected by magnetic fields, caused by the n 4 dependency of the splittings (e.g. Girven et al. 2010) . The estimated masses are much larger than the mean masses for the 1505 bright and hot DA white dwarfs in Kleinman et al. (2013) , i.e., those with S/N 15 and T eff 13 000 K, for which we did not detect any magnetic field, M DA = (0.593 ± 0.002) M⊙. Even though we find a higher mass for DAHs, our mean is much smaller than the mean masses quoted for the few previously measured magnetic DAs. . Colors for normal DAs (black) and DAHs (red), showing both follow the characteristic curves, but with an excess of DAHs (red) for higher log g. We again caution the reader that the log g estimates are very uncertain for the magnetic stars because the u color, where the Balmer jump is located, is heavily affected by the magnetic field.
DISCUSSION
Considering only spectra with S/N 10, we increased the number of known magnetic DAs by a factor of 2. We estimated the field strength for 521 stars. Our blind test shows we underestimate the number of magnetics in the simulation and underestimate the field in general. Even for S/N 10, our candidates have at least a 50% chance of being magnetic, compared to only 4% in field white dwarfs. We showed that the magnetic field changes with time for a few stars we have multiple spectra, pointed that stars with surface temperatures where convection zone develops seems to show stronger magnetic fields than hotter stars, and that the mean mass of magnetic stars seems to be on average larger than the mean mass of non-magnetic stars.
If the apparent increase in masses shown in Fig. 10 were only caused by magnetic field amplification when the surface convection zone appears around T eff 13 000 K, it should, perhaps, continue to rise at lower temperatures. But if the mass of the convection zone becomes high enough that its kinetic energy is of the same order as the magnetic energy, amplification will not be effective. Zorotovic, Schreiber, & Gänsicke (2011) estimate the mean WD mass among CVs is MCV = (0.83 ± 0.23) M⊙, much larger than that found for pre-CVs, MPCV = (0.67 ± 0.21) M⊙, and single white dwarfs. Are all the magnetic white dwarfs descendant of binaries? The Gaia mission will provide parallaxes for all these objects and thereby obtain strong constraints on magnetic and convection models and get an independent check of the surface gravity (log g) determinations, if we assume a mass-radius relation. Kanaan is supported by CNPq. Funding for the SDSS and SDSS-II was provided by the Alfred P. Sloan Foundation, the Participating Institutions, the National Science Foundation, the U.S. Department of Energy, the National Aeronautics and Space Administration, the Japanese Monbukagakusho, the Max Planck Society, and the Higher Magnetic White Dwarf Stars in the Sloan Digital Sky Survey 21 
